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Amino Acid Metabolism in Young Pea Seedlings
L. A. Larson8 and Harry Beevers

Department of Biological Sciences, Purdue University, Lafayette, Indiana

Introduction

The miiost striking feature of the amino acid
coIm1position of votung pea seedlings, as show n in
several contributiolns fronm Virtanen's laboratory (21.
22) is the behavior of homoserine. This amllino acid,
which is a precuirsor of threonine in yeast (4) is
present in very low amounts in the ungeriminated
seed (3). During the early growth of the seedling
homoserine becomes the dominant amino acid but
after 10 to 14 days it declines again to a low level.

In the present work a variety of C'4-labeled amino
acids was sull)plied to young pea seedlings in order
to study the fate of products of protein breakdowni.
.A substantial portion of each of the labeled amilino
aicids was converted to homoserine. To set this
informationl in the general metabolic framework of
the see(lling. clhanges in lprotein. starch and soluble
nitrogeniouis colmiponents wvere meastured in the cotv-
ledoons and othier parts of the seedling. A pre-
linuinarv rel)ort has aplpeared (9).

Materials and Methods

l'ea seeds (IPison saltiZvimn, var. Alaska) were
obtkined fromii Burpee Seed Company. Cliniton. lowa.
Ilefore germination seeds were soaked for 4 houirs

'Revised manuscript received September 21, 1964.
2 This work was supported by Contract AT (11-1)

330 with the United States Atomic Energy Commission.
:1 Present address: Department of Botany, Ohio Uni-

versity, Athens, Ohio.

in deiolnize(d w%ater at roomii temiperature, then for 2
milnttes in 0.001 '\ HgCl., (14). After a 2-minute
rinse in (leioinize( water, the seeds were planted in
miloist \vermiiculite anld kept in the dark at room tem-
perattire (220-26' ). Uinless otherwise stated. etio-
late(d seedlling-s \were used. For amino acid analysis
with a T'echniconi A\uto Analyzer, seeds were treate(d
as ahove anld then lplacedl in a growth chamber at 200.
The sproutin- seeds Nvere exposedl to a 16-hour light
pleriodl of 400 ft-c and were watered w\ith a complete
nultrienlt soluitioni as nee(led.

Planit material injecte(d wvitlh radioactive substrates
(see b)elo\\) was stupported on a plastic screen fixed
above 5 ml of wN-ater in a fritte(d -lass filter fuinlnel.
CO.,-free air elntered throtughl the stemii of the fuinnel
al( was (lislpersed by the fritte(d glass (lisc ilnto the
waiter. 'his lprodluced a strealml of miioist CO..-free
ai- wliclh constantly flowved o\er the plant miiaterial.
Respired CO.. was carried by tile air- stream throulgh
5 to 10 1mll of Ba (Ol)2. in a 50-ml cenitrifuige tuibe
e(lqip)l)ed with a 'Vigreauix coliuimi w\hich was the
onlv ouitlet froni the centrifuge tube. CO. samples
\were collecte(d (ais 1TaC(C:) eVery hotur or as dlesiredI.
Thle liaCI( ) l)precil)itates \ere centrifted,(l r-estis-
l)eil(led in \\ater aind( lplated oil nuicroporotus filter
discs. The C'4 contelnt of the BaCO., wvas deter-
miile(l ont a colntinuous gas flo\\ GM\ tube automiiatic
counter.

Radioactive substrates were injected directly into
the cotyledons of seedlings with a Hamilton micro-
liter syringe. To facilitate injectioni the seed coats
were removed. Each cotyledon received a single in-
jection of 5l of the radioactive soluition. Dulring
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the incubatioli time the fritted glass filter funnel.
which served as the incubation chamiiber. was covered
with black paper. The following radioactive ma-
terials were obtained from commiiercial sources: i,-
glutamic acid-U-C14 (specific activity 70.7 mc /
mmole), r.-aspartic acid-U-C'4 (59.2 mc/niimole).
L-leucine-U-C14 (246.0 mc/mmiiiiole). and n-glucose-
U-C14 (3.9 mc /mmole).

Homoserine-U-C'4 was isolated from pea seed-
linlgs which had metabolized L-aspartic acid-U-C'4 or
C'40.,. Its specific activitv w-as approximatelv 0.3
ic/mmole.

At the termlinationi of the experiments the seed-
ling,s were usually divided into roots plus shoots (i.e.
the embryo proper) and cotvledons. These vere
killed in boiling 80 % ethanlol. The ethallol was
dec,anted anid the tissues were grotund in a glass
lhoiiogeenizer, tlhen extracted several timiies with 80 r4
etlhaniol. The nitrogeniotus compounds in this fractioni
are referred to as soluble-N. The extracts were
comlined and taken to drvness unlder reduced pres-
sure at 350. 'rhe residues were extracted with 30
to 50 nml of cold ethyl ether whichi yielded the lipid
fraction. The remaining residue was taken up in
5 to 10 ml of warm water and fractionated into a
basic, acidic and neutral fraction on Dowex resins
according to the method of Canvin and Beevers (5).
The amino acids were found in the basic fraction; the
organic acids, miostly acids of the trichloroacetic acid
cycle, were found in the acidic fraction, while sugars
were retaine(l in the neutral fractioni. The basic
fraction, containing amino acids, was placed with a
few ml of 2 N HCI in a closed screw cap test tube
and heated in a boiling water bath for 4 hours.
This treatment converted asparagine anid glutamine
to their corresponding acids. This fraction was then
passed through1 Dowex 1 (acetate form) which made
possible the separation of the dicarboxylic amino
acids from the neutral and basic amino acids (7).

All fractions were then dried at 350 on a rotary
evaporator and redissolved in 25 mil of water. To
determine total C14 content the organic material con-
tained in several aliquots (1 ml) was converted to
CO., by persulfate oxidation as described bv Katz
et al. (8) and modified by Stiller (17). The CO.,
was trapped in 20 % CO,-free KOH, and BaCOQ
was precipitated by adding 10 ¼/r BaCL in 1 ¼

NH,CI solutioni. Aliquots were also streaked on
\Vhatmian No. 3 paper and separated chromatogra-
phically in 1 (Iimiension with N-butanol-propionic
acid-water (26:19:27 by volumnle) as solvent (2).
For the i(lentificationi of variouts components, otlher
solvent systems (15) were employed in 1 and 2
dimiiensionial chromatograms. Radioactive compounds
were located by autoradiography on Kodak no-screen
X-ray film. To determine the percentage distribu-
tion of C14 in a particular fraction that had been
separated by paper chromatography, a strip 1 inch
wide was cut out and examined on a Vanguard 880
strip counter. A tracing of the radioactive peaks
was obtained. By measuring the area uinder the

peaks, the C' i in any one peak was obtained as a
percentage of the total radioactivity on the strip.
Amino acids, organic acids and suigars which had
leen separated by paper chromatography were lo-
cated by spraying the paper with ninhydrin (19),
bromcresol green (6) and aniline hydrogen phthalate
(15)), respectively.
A series of pea seedlings was grown for 25 days

to determinie the changes in the free amino acids
during, that time. The basic fractions were isolated,
as described above. onl Dowex resins. Before separ-
ation of the individual acids by coluninii chromato-
graphy the basic fractions were taken up in 16 ml of
6 N HCI for hydrolysis. The solution, in a sealed
glass test tube, was placed in anl autoclave at 1210
for 2 hours. The solutioni was filtered. (Iried at 350
ancd taken tip in a knlowni volume of water. Aliquots
Nvere takeni for analysis onl a TecllmiiconllAuto Analy-
zer (11). Gradient elution from the exchange col-
umiin (133 cm11) was accomplished witlh 750 mil of
citrate buffer. The initial solutioni was 0.25 N sodi-
um citrate buffer pH 2.91 anld the final soluitioni 2.4 N

sodium citrate pH 7.5. The buffer was forced
through the heated colunin (600) under 60 psi pres-
suire. Elution rate was about 37 ml per hour. An
alternative method for the separation of the dicar-
boxylic amino acid fraction was by gradient elution
of this fraction from a 19 x 1 cm Dowex 1 (acetate)
column. The eluting solutioni was acetic acid with
a 0 to 4 N gradient (7).

The protein content of the alcohol-insoluble resi-
due of the cotyledon and the root plus shoot was

determinedI by extracting the residue 4 times with
5 ml 0.1 N NaOH. This treatment removed 97 ,o

of the total N as shown by values obtained by Kjel-
dahl digestion of both the NaOH extract and the
residue remaining after NaOH extraction. The pro-
tein was then precipitated with a saturated solution
of trichloroacetic acid, centrifuged and hydrolyzed
in a sealed glass test tube in an autoclave in 15 ml
of 8 N HCl for 12 hours at 121°. The hydrolyzate,
black with humin, was filtered. The filtrate was

evaporated to drylness and the residue taken up in
a small amount of water and separated into amino
acid and neutral fractions onl Dowex resins. Ali-
qtuots of each fraction were analyzed as (lescribed
above. Starch was extracte(d from the residue by
the method of Puccher et al. (12). The purifie(d
starch was hydrolyzed in 0.7 N I II-at 1000 for 2
anld one-half hours. Aliquiots of the hydrolvzate
were analyze(d as above.

Total alcohol insoluble resi(dues and( lipids were
oxidized with the Van Slyke-Folch reagents in an
apparatus described 1,y Stutz and Burris (18). The
CO, was flushed from the system with nitrogen,
collected in Ba(OH) 2 as BaCO. and plated as

described above.
For determination of labeling, carbon-1 was re-

moved from glutamic acid with ninhydrin and car-

bon-5 by the Schmidt reaction (1).
Soluble carbohydrate ali(t purified starchi were
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(leterihinel( b) the antlhronie eleth (1 ( 2() ) and iro-
tein nitrogein by coniventionial miiicro Kjeldahl diges-
tion with niesslerizationi of the resniting amiinlmonitim
stilfate. 'I'lTe metho(I of Yemm and Cocking (23)
was sised for those annn(io aci(d fractions niot (leter-
iiiie(d with the anto analyzer.

Results and Discussion

C haolgs i'l ,Stc Colistitilslt diirii (;Criiiiiltio(I.
1'iiginre 1 shows the chaliges which occtirre(l in the
level of protein in tile cotvle(lons a n(l root l)lus shoot
over a l0-day p)erio(l. Five im, of lprotein-N ( 73/
of the total) were lost froml the cotyledons and a
g(ain of 1 mg was observed in the see(lling l)rol)er.
Strikin, increases in the amlonint of solible- N oc-
cnirredl in 1)oth org-als (fig, 2). 'I'lTe higilest rate of
lroteill hydrolysis occnrred l)etweenl the secon( and
fonlrthi (lays of germination. Th'lis observation (leter-

iniedl tile choice of 2-(da-old( seedlin-s for later
experiments in which the fate of added radioactiVe
aimino aci(ls was investigated. Table I shows the
changes in variotis mleastired components dutiring the
first 1(0 days of gerimiinaitioni. Dturing this timiie.
roughllv onie-thirdl of the lproteinl and starch in the
original see(d hia(d been utilized, and the (I -vweight of
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F 1(;. 2. Cihanges in total solub)le nlitroge(n cmill)(Milds
ill l)(cI sce(ll-ns (iitiir" erinillatt (Il iIi the (lark.

tile sed(llill- plroper hadl inaIl 'c.l<d to))er3(1 In<,.
A\ltholulgh tle s(olubli-eN compl)onelt iltcrease(l in l Ith
see(liiig alnd cotvledllis, the total Koliuble-N (If the
sce(llingI- excee(le(i that of the eOtviedois ibv the
fourtlh dla and thle pr)oteinl slIllIllie N ratio \vX (
oll.si(leralblv hig-her at all times ill the (71 t0iedolls.

url-tlher informatiol on thle solublI-eN Coilp(n11)unllX
was oiltailledl iii a series (If (letailedl anal vse; (If -r(ecnt
shoots and(If cotvie(lonls. Theae(lata are lpresellteIi
in tallies 11 a(ndI fli. 'I'lle illost striking feature is
the extremely large allOlint of homoserine present
in the sloots ilet\ween tie third alld twelfth (11aS.
Il [Il-ioerine Xas also tilhe seco(nd largest c(71l(ilet
(If the free anlioill acidls in the cotyle(lonls (If 2 amii(
(lie-half dav-(11(1 seedlings. \lthoui-hl hollmooserille is
presenlt ill small ailluints ill (oir tiln-ermllinlate(l sIC(
( ) it XXas llot (letecte(l in thlese eXlleriilmlelwts lecatsl
of the simall ailuiiits (If mliaterial al1alVZCI. \I)pLart
fr(mll hoilo(senil C. the 111ajor (liio acidsl ini tie greel
Shoot XWere (g11taitie111i ll asjlariti acis1d. In1generl1
about 10( anlillo acids each (71tritril elldapprIX imat ely
I ',, or less to the total aminol acil (o1iteilt of tIle
greenl shoots whliile the cotXled(lIsi Xere relativXlI
ricih in these amillinlo aci(ls a fter germinati"hall lIe-

un11. Arginine is anl extr-elile exampillle. It couilI
ilot ihe (letecte(l in the shoot at ainN stagC althou-gh
ait 2 and Ole-half daXs it colillprised over 11 of
the free amilino acid(l colteilt (If the coty-ledons.
.\Againi prV Iin1. glyciieai d y-aa- 10illoiiittrio- a'i(cid ar
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Cotyledon
0 Days* 10 Days

Root and shoot
10 Days

Table III. Free Amiiino Acids of Pca
Scedling Cotyledons

I)ata in Aumoles per seedlinig.

Age (Days) 0 2.5 10* 10**

Residue dry % t** 145 60 25
Protein 44 12 6
Aminio nitrogen*** 0.1 0.5 1.1
Starch 65 24
Soluble sugar 12 4 10

* Data at 0 days includes both the cotyledon and
embryonic root anid shoot.
Dry weighlt after extractioni of ethaniol soluble
fractioni.
Aminiiio niitrogenI in the 80 '/, etlhaniol soluble fraction.

notable conistituenlts of the cotyle(loln after germiiina-
tionl but were niot foutld in quanitity in the shoots.
After this work was comllpleted. a report by Lawavrence
and Granit (10) appeared. They have l)rovided ex-
tenlsive data onl the free amilno acids in young- seed-
linigs of Alaska l)ea, variety Uniica. The genieral
treni(ls are simiiilar to those rel)orted here, but the
absolute values for somiie of the comiiponienits are con-
siderablv (lifferenit fromii ours. Prestumiably varietal
(13) anld culttural (16) (lifferenlces accounit for this.

The relationlships between homiioserinie. aslpnrtic
aci(l (plus asparagilne). glutamic acid (plus gluta-
inne) and(l how miiuclh they contribute to the total
amount of the free aminiiio acids in the greeni shoot
as it ages are slhow,n,l in figure 3. The amounlt of

Aspartic!
Threonine
Unknown
Serinie
HRomoserinie
Glutamic- t
Proline
Glycine
Alanine
Valinie
Methionire
Isoleucinie
Leucine
Tyrosine
Phenylalaniine
X-Amiiinobutyric
Lysine
Histidinie
.-krgininle
An-mmollia
Total ,/Lmlolestt

0.08
0.18
0.10
0.04

0.69
0.01
0.12
0.11
0.03
(.01
0.01
0.02
0.01

(.01
0.01
0.01
0.01
0.19

0.47
0.65

1.59
2.71
5.76
0.63
0.28
0.65
0.57
0.07
0.19
0.17
0.08
0.32
0.40
0.28
0.41
1.94
3.50

049
0.31
0.31
0.81
0.30
1.60
0.14
0.28
0.26
0.25
0.01
0.13
0.15
0.11
0.11
0.26
0.23
0.40
0.11
0.73

1.33
1.91
1.46
3.04
0.59
1.86
0.50
1.29
1.02
1.06

.

0.58

0.46
0.38
1.07
0.86
0.49
0.05
2.34

1.45 17.17 6.26 18.61

10-day-old cotyle(lonls from etiolated see(llinigs
** 10-day-oldl cotyledons from greeni see(llinigs.

Aspartic aci(d plus asparagine.
Glutam.ic acid plus glutaminie.
Total ,umioles does niot iniclude amimiilonia.

[Jalb)cL' 1I ( hon(lp/(s ill 11t Fhcc A1mwino . hid Composition of GIrcwit Pco Shoots n11r-in Germninotion.

DIata in Aiioles per seedliilg.

Age (Days)

Aspartic*
Threonine
Serine
Homoserine
Glutaniic:*
Glycine
.Alanine
Valinie
X-Amiiiobultyric
Lysine
Histidine
Other amino

acids"t'
Ammonia
Total ,molesttt

3

0.12
0.06
0.09
3.40
0.49
(.05
0.21
0.02
T
0.02
T;,-

0.06
0.58
4.52

5

1.89
0.16
0.28
7.75
0.90
0.12
0.80
0.19
0.08
0.07
0.08

0.19
2.40
12.51

7

5.06
0.27
0.48

28.50
3.58
0.19
0.99
0.36
0.16
0.18
0.18

0.27
5.00
40.22

10 12

11.24
0.35
0.75

24.20
3.82
0.36
0.99
6.56
0.17
0.30
0.23

0.55
10.10
43.52

11.28
0.37
0.55

17.88
3.81
0.27
0.77
0.32
0.17
0.40
0.55

0.40
10.10

36.77

* Aspartic aci(l plus asparag-ine.
** Glutamic acid plus glutamine.

Trace.
Proline, cystine, methioninie, isoleucinie
xvas present as less than 1 'if at each

ani(I leucinie rel)resent

aoge.

the otlher amiilno acidls. Eaclh of these amlino acids

Total /aimoles does niot include ammonia.

Talble I. Changcs int Comptpositiont of Pea Seedlings
diurinig 10 Days of Germiniationt int the Dark
Data in mg per seedling.

2016

15.90
0.36
0.56
4.36
2.94
0.26
0.49
3.36
0.12
0.25
0.19

0.35
14.90

29.14

6.58
0.35
0.70
1.94
3.56
0.31
0.51
0.15
0.21
0.21
0.26

0.44
7.00

15.22

25

9.74
0.47
0.89
2.30
4.78
0.49
0.65
0.22
0.16
0.21
0.37

0.18
9.10
20.46

47
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5 10 15 20 25
DAYS

l;io;. .3. (1iagc1s ill sol(ie aclllliO conipouils in green
slhx)ts (dulring g-rimination. * A Total amiiilno acids.
Q 7) Homoserine. + - +1- Aspartic aci(d plus as-
paragie. * * Glitaniiic aci( pilus -glutamine.

f-cre ainMO acid per sXhoot reaclhed a peals at ( days

alid (lecliile(l (itiite steeply thereafter. 'I'lle hionmo-
ser-iine curve Shlo\\ s that this is the Comlipollelnt pri-

uanrily resp)oisil)le for the chailge. 'Thlle curve for
aslpartic aci(l plus asparagiiie was tlle onlly rising- onle

dur-ingv,\wh ich the hlomiioserinie level \\-as falling. all(

seliarate (leteriiiliaitioils showed that it was the aiii(le

asxpara-iie whichw's as reslponsilble for tlle inicreases.

L,'atc of A4ini0o Acids Sutpplic( to Gcrmoiinol(ti'ny
Seedhligs. .\ ) Glutaimiaite UlUniforimilv labele(d gluta-
miiate was inijected iilto the cotyledolis of etiolate(i
seedilig-s. anli( the ilicorl)oratioil of C'4 illtO various
coilipoileits of the seedlinig was measure(i oni salirples
killed at 3. 6, 12, anid 24 houirs. 'Ihe results are

preseinted ini table TV.
Iin 24 hours, less than 4 (I of the C'4 recovered

was preseilt in gititaillic acid, the supplied substrate.
C"O,, was produced fromi} the outset alind onie-half
of the C'4 recovered was ill this form after 24
lhouirs. lBy 3 hours C14 had apl)eared ill conilponents
of the aminiiio alnld organlic acidI fractioils of the cotv-
ledlon. Tralisport of labeled colpouilds to the root

alid shoot was also evident at this tilie. \With timiie
the C'" in the orgaiiic acitis of the cotvhedomn was

depleted so that less talla 1 %/ of the C '4 recovered

Table IV. Perccnt Distriibution1 of C" Recovercd after
Supplying Glutamiiic Acid-U-C'

Glutamnic acid-U-C 4-s as supplied to cotyledons of
2-day-old etiolated seedlings wlich were analyzed 3, 6.
12, anid 24 hlours after injection. In each of the 4 ex-
perimlents 5 pea see(llings were used. Each group of
5 see(llinigs received 0.91 fAilole (1.25 , ) of gliutamie
acid-U-C14 in 0.05 ml of solution.

Percenltage of total
C"' recovere(l ini
iam.lcd coinlponent

. 6 12 24
h-r lhr lhr hrl

.\AIcohol insoluble residiuec
Cotyle(loll
Root anid slloot

CO.,
Alcohol soluble fractionis
Cotyledon

Dicarboxvlic aiiiino
acids anld their amides*

Neutral p)lus basic
amiino acidcs:

Organic aci(ls
Sugars
Ether soluble

Root and shoot
Dicarboxvlic amlinio

aIcids and their aniides"'
Netutral 1)pis hasic

amililno aci(ls::
Ori-anic aci(ls
Sugars
Elthel- s'9IlIIIle

<1
15

43

12
15
<1
<1

<I
<1<1I

6
<1
22

30

19
16
<1
<I

<1
<1

5
<1
46

12

17
10
<1
<1I

2

5
<1
<1
<1

19
<1
48

4

9
<1
<1

13

2
<1

Gltnliuiic and aspartic acids and their amides.
NI) less thianl 8 (' of thet'l'.0; e(l i:] this
fractioni w as fouin in hloiiloserinle.

Was lpresenlt in that fraction at 24 hours. TIn thle
root and shoot tissuies the greatest ilicrease of C'
\ ith timile wa-s realized in thle neutral and basic
amino acl(I fractions. The C' in homioserinie coni-
tributed 90 ',4- of the C14 recoeere(d ill the nleuitral
anlid basic amino acid fraction1. 'T'lhe inlcrease in la-
heled homlioseriine in the root and( shoot occurr-ed conl-
coniitantlv with a (lecrease in the C14 in the amino
an(d organiic aci(l fractions of the cotvledon. At
early timies (3-6 hours') C'4 in the neutral aiid basic
amilillo acid fractioni of the cotyledoni wcas larg,ely in
y-aminobutyric aci(l. At no tlime dlil the stigar or
lipid fractions accotimit for a sigilificant part of the
Cl'' recovered. Sonie glutamate C"4 was incorl)o-
rated ilitO the alcoliol insoltuble resi(Itle o f tile cot\'-
le(lon.

B ) Aslpartic acidi: Tlhe percenltage (listribu-
tioll of C' 1 recov-ered at intervals after injecting-
asspartic ancidUC' is given in tal)le \. Rapid utili-
zationl of tile aspartate occurred for only 1D5 oof
the substrate. reiaiinedl unilcilhaned aifter 3 hours.
.iind the rsecrtate reeo vred froni tile tisstei at 24
houirs was Virtually unlabeled. At 3 hiours milore

-4 2,'
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Table V. Percenit Distributioii of C" Rccoq cred after
Supplying Aspartic Acid-U-C"

Aspartic acid-U-C'4 was supplied to cotyledons of
2-clay-old etiolated seedlings whic li were analyzed 3, 6,
12, and 24 hours after injectioni. In each of the 4
cxl)eriments, 5 pea seedlings were used. Each group of
5 seedlings received 0.08 AMmole (5.0 ,c) of aspartic acid-
U-C'4 in 0.05 ml of solution.

Percentage of C'4
recovered in named

component
3 6 12 24
hr hr hr hr

Alcohol insoluble residue
Cotyledon
Root and shoot

CO,
Alcolhol soluble fractions
Cotyledon

Aspartic acid
Glutamic acid
Asparagine

Glutamine
Homoserine and its lactone
Other amino acids
Organic acids
Sugars
Etlher soluble

Root and shoot
Aspartic and glutainic acids
Asparagine and glutamine
Homoserine and its lactone
Other amino acids
Organic acids
Sugars
Ether soluble

7
<1
16

15
9

<1

4
18
<1
21

1

<1<1
2

<1
<1
<1<1

Total cpm recovered (thousanids) 723

<1
30

7
5

<1

3
17
<1
18

1
<1

6
1
1

<1<1

9
<1
34

2
<1

4
25
<1
<1

1

1

<1
<1

8
<1
36

<1
2

12
<1
8
1
1

<1
22
1

<1
<1
<1

625 599 759

tlhanl half of the C14 recovered was preselnt in CO.,
homiioserine and organic acids. and by 24 hours
these compounds together accounted for 75 % of
the C'4. Homoserine was the only compound in
the root and shoot to become noticeably labeled, and
a striking increase occurred between 12 and 24 houtrs.
i.e. at a time when the only possible source of C14
wvas homoserinie in the cotyledons. These relation-
ships are shown in figure 4. The results show that
aspartate is particularly effective as a precursor of
homoserilne, and that homoserine produced in the
cotyledons can be transferred to the seedling proper.
Glutamic acid and its amide became noticeably la-
beled and in fact, after 6 hours, contained more
C14 than the substrate aspartic acid and asparagine.
The labeling pattern in the glutamate so lproduced
(C14 in C-I > C14 in C-5) is consistent with its pro-
duction from oxalacetate by the forward reactions
of the tricarboxylic acid cycle.

C) Homioserine: The accumulation of homo-
serine under natural conditions in both cotyledons

(I)
4

w
z

cnw
Cl)
0

0
I
z

0

024
w

* 20-
U.2

O 16
w

12
z
w
0

ccw

12
HOURS

FIG. 4. Changes in the C14 content of homoserine
(plus lactone) after supplying L-aspartic acid-U-C'4
(0.08 gmole, 59.2 nic/mmole, in 0.05 ml supplied to 5
seedlings) to pea seedlings 2 clays old.

and green shoots at particular stages in their de-
velopment shows that it is being l)rodulced more
rapidly than it is constumiied. The progressive accu-
miulationi of C'4 fromi gluttanmate in honioserinie, the
temporary labeling of organiic acids when this stub-
strate was supplied, anid the release of only part of
the carbon as C1402 are all consistenit with an intro-
duction of carbon skeletons provided by this sub-
strate into the tricarboxvlic acid cvcle anid a partial
diversion of the oxalacetate into honmoserinie with
little subsequent metabolism. Aspartate, as a more
proximal precursor, is even mlore efficiently con-
verted to homoserine, but some carbon from aspar-
tate also enters the tricarboxylic acid cycle.

Experiments with labeled honmoserine were carried
out to determine how extensivelv it was utilized at
2 stages of development. These were at 2 days when
cotvledons contain about 2.7 junoles of homoserine
and 10 days, when this value has fallen to 0.3 /mnole
(table III). The results, with those of parallel ex-
periments with aspartate-U-C' 4 are shown in table
VI.

Homoserine C14 was injected into the cotvledons
of 2-day-old seedlings and in 24 hours 82 % of the
C14 recovered was found in homoserine. In con-
trast to the results obtained with the other labeled
compounds, very little C'40. was produced. and the
renmainder of the C14 recovered was distributed in a
variety of compounds. Half of the homoserine-C14
was recovered in the cotyledons and that in the root
and shoot had apparently appeared there by trans-
location. This is clearly consistent with the picture
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TableV'I. (Comparison1 b1(1ten lih PercentdII)islriul-
ti,,,, of ( lRceovcred 234 hour's after supplying Ho11mo-

S.(o'rinc-UI -C'0(1".n spalrtic .-ci(l-U -C' to 2- o111(
10-doav-old Etiol(ltcd Pea P/lttiis

FIoimioserinie
? 1)0

Dav!s: I)aN.s"-::

.\lcobol insoluble resi(duie
Cotyled(lon)
Root ai(t shloot

CO., 2
Alchol(1 solul e fractionlls

Clotvled(ll
Aspartic aci(l <1
( hutamdic aciol<.d 1
A\ sparag iln

4- g'lutantine I
Holiloserinie and(l

its laotolne 5 1
Other anlin(O aci(ls 2
Organic aci(ls 2
Sugl}ars < 1
Ether solubl < 1

Io()(t and(i shoot
.\spartic ani(l g- lltalllic

aci(Is <1
A.splaraginc

- gtlutaminei' <1
llonloserile an(l
its lactoile 31

Other amitilno aci(ls I
Organiic aci(is .-1
Stugars < I
E,ther Soluble 1

/7
(1

.\ As)artic
2 10

D)ays' " l)ays "

8
<1
3(6

<1-1 <1'1
I 2

1

.1

I
<1

I<1

37

1
<1
<1

12
<1

8
<1
<I

<1

<1
<1
<1

It thus seenms unlikely that tlhe falling levels Of
hontoxserine in 1-(day-o01(1 cotledons are (Itic to marked
inicreases in the rate of its metalolic titilizationi. TI1we
l)arallel exl)eriments with asl)artate (table VI ) suig<-
gest that a miiorie likely explailatiol of tile falinig0,
level of homoserine in the older cotyledons is that its
rate of syinthesis is lower. Tltis. whereas ill the
VOulinyer material holimosCeiniie accotinwed for- 28 .ad
CO)., for 36 'if of the C recovere(l after piro-iding
asp)artate-UL-C" the correspo1nilig values in the cx-
l)erilmtent wvith 1m()day 01(1 material were 11 / and
61 Apparently a smaller portionl of asl)artate is
(li vertedl to hoiloscrine in thle (old(er- see(llilns and at
larger l)ortion is dissimilated. Fnrther exl)eriielits
w ith o0(lelr shoots wOIl(l l)e lnee(le(l to aniplifx tilis
conlclIusioln. but it appears that the strikillng a1ccnlililaiki-
tios anld subseqnent (lisal)l)earance of homoserine
rel)resents the balance between a slow colntiniiuouis ttirin-
over of holitoserinie. and changes in thle rate of its
synlthesis fromli aspartate or' otlher Iprectirsors.

1)) Leticilne: To' investigate the fate of an amillo
cid(l imore (listalitly rela te(l to l)rol)al)le honmoserine

prectursors (during the earl- stagres of grerllillatioll.
leticineli-U-C wa uppI)lie(l to thle cotyledons of 2-
davx-0(l see(ll ings. After 1. 4 anld 7 dlax's. see(lhgills
were anallyzed and the (listril)uitonl of C' -as(lweter-
inie(d (fig- ) . Th1lese (lata show that almost all of

tlle labeled leuctinie ha(l iteen1 uitilize(d in tllh first 24
hou.rs. MIore thanll half (If the C" recovere(l at thlis
timlie was in the protein of the cotyledon ail(la even
atfter 7 (lav-s this figiure w as aliost 40 I v(lrol v-

1otll e pill recoverd(l
tbllosands) 1 52 4(0 759 574

1Four 2-(lav-oldl see(llilngs w er'e sinpplied withl a total
of 4 ,uinoles (1.15 tei) in 0.05 mll of soluitioli of
homnoserine-U-C( 4

Fivei -(lay-ol(l seedlings w ere suppIlied with a

total of 1.33 ijmoles (0.384 ,uc) in 0.05 tll of s(oll-
tioli of honioserine-U-C' 4.
Five 2-day ol seedlinigs anld five 10-day-old seed-
liing-s were eachi supplied with a total of 0.08 gumole
(10 ye in 0.05 ml of solutionI of asp)artic aci(l-U-

arrive(l at froi thlexleeiilperitts with gliltaimate an(d
axsPartate.

AR contll)aral)le exlperiment with older see(lling-s (1i)
daxs ol( ) whose hiomiioserinie level had already begun
to fall show ed virtuallx the samiie restult. -kfter 24
lhoturs, 76 '/f of the C'14 recovered was still in homo-
s;enile, and although a somiewhat greater lprolportiont
of this ha(d been triainslocate(d to the root and shoot it
must be remiemibered that this tissue is mliuch1 larger
in bulk alt 1) (lax's. A-gain lo nmajor mietabolic con-
version of the homiioserinie-C 4 hadt( occurrel. 'Homo-
senillte is thiouighit to be an inltermiie(liate in the Iproduc-
tionl of imiethlioniine and tlhreonliine. but thiese conilpounds
li(l ilot 1 econle labeled.

a60
LUJ

>50
0
0

w

lLLz 40
0-

<30

Z
w

20

10

1 2 3 4 5 6 7
DAYS

Fi (;. 5. Percent (listribution (f the C'4 recoveredl 1,

4, aud(I 7 (lays after supplying i.-leucine-U-C-14 (0.02
lumole, 246 inic/iniole. in 0.05 iil sull)liedl to 5 see(llings

in eachi expleriniciit of 1, 4. and 7dlay).
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sis of the lprotein showed that at least 86 ('i of the
w'-Nvas in tlle leucinie residue. It is noteworthy that

leucinie was incorl)orated in spite of the fact that a
iet loss of l)rotein was occurrinig ( fig 1). There was
also somiie incorl)oration inlto the protein of the root
an lshoot. C140., accouilted for 22 i( of the C''
recovered at tlle enid of the first day, and it was
produce(l at a (liluiniishiing rate durinig the sub)sequent

6 lays. Homiioserinie conitainie(l 7 ( of the C14 re-
covered after 24 hours, anid this value subsequently
rose to over 1() 4. It is therefore clear that al-
thou-hIi leucinie breakdown was less extelnsive thani that
of the other aminlo acids, its uitilizationi againi resulted
in tlle lproduction of homloserille which was the biggest
sililvle repository of C' in the alcolhol soluble fractions
of ho h the cotyledons anid seedling- proper.

GhlIfc)sc: A single experiment with glucose-U-C14
\was carrie(l out to trace the likely fate of glucose
Units deriv-ed frolmi starclh breakdown inl the cotyledonl.
'T'lhe results are shownl in table V-II. Of tlle C'4
recovered after 24 hours 75 (- was founid equally di-
vi(de(l between the alcohol insoluble residue (mllainily
stairchl) CO., anid soluble stugars. A further 10 (4
was recovere(l in homloserinie While organlic acids conl-
tributed 7o4Only 5 ( of tlle C'4 was foulnd as
free glulcose ill the cotvle(lon, but a fturther 17 (4
was p)resent in sucrose hiclh conltainle(d 59 (/4 of its
C 4 in the glucose mloiety. In the root an(l shoot no

C'' was foulnl(d in stucrose, uidi( thle free glucose conl-

TI able VII. Distribution of Cs Rccoverc(d 24 Hours
aft-r Supplyin Ghtcose-U -C'-5 to Cotyledons of

2-I)o v-Old Etiolated Seedligsns
A total of 2.4 ,utiLoles of lucose-U-C' specific ac

tivitv 3.9 iinc/niiniloIc) ill 0.05 nil \as sulpplie(d to 5 seed-

cpni11 (4-

Alcohol inisoluble resi(duie
Cotyledon
Root an(l shoot

CO.,
Alcohol soluble fractions
Cotyledon

Aspartic ail(l glutaniic aci(d
Asparagine aild glultainine
Honmoserinie
Other amino aci(ds
Organiic acids
Sucrose
Glucose
Ether

Root and slhoot
Aspartic ad(I glutamic acid
Asparagiine aii(d glutamiinie
Homoserinie
Other amiiilno acids
Organic acids
Glucose
Fructose
Ether

T1otA'

482,000
86,700
536,000

31,800
14,200

129,000
12,500

111,000
372,000
115,000
13,100

17,000
7,170

85,000
18.600
33,700
85,200
16,800
8,300

2
<1

6
<1

5
17
5

<1

<1
<1

4
<1

2
4

<1
<1

2,175,070 100

tainie(l 4 timiies as much C'4 as frtictose. Again hionmo-
serimie was the miiajor soltll)le comp)oun(l other thaln
free stugars to become labeled, ant(I it accounltetl for
10 (4 of the C'4 recovered. It thlus appears tllat
at the samiie timiie as various amino aci(ds produced
fromii proteini breakdowvn X-ere being metabolized witl
some tranislocationi and(I coniversioni to CO.,. -Iticose
skeletons wvere also being isedl as respiratory substrate
an(l as a soturce of amiinio acids, amiollng which homlio-
serinie l)redlominatedl 1y virttue of its low rate of tuirln-
over.

Summary

Clianges in carhliohdrate, l)roteiil and(l solulle iiitro-
,genouts components were meatlsure(1 in tlle cotyle(lolns
anid root pltis shoot of germiniatinig pea seedlings.
The free amllilno acid composition of greeni slhoots froi
3 to 25 days ol(1 and(I that of cotyledonis at 0. 2.5 and(l
10 days were (leterminied. At /7 days homoserinie.
wlhlich was lnot (letected in the uinigermiinlated seed,
accouiitedl for 70 (4( of the free amiinio aci(l conitenit
of the greeln shoots.

4-Gluttaniate-U-C'4 anld L-aspartate-U-C' ' wvere ill-
trodtuced inlto the cotyledonls of inltact 2-day-old seedl-
liings. h'l'e labeled compounds were activelvlvletabo-
lized, as shown b1v the release of C'40., anld conversion
to orgrallic and(I other amiinio aci(ds. somiie of which were
tranislocated to the seedling proper. Virtually noCi4
froim the ad(led aiilinio acidIs was recovered in the
sugar fractionl. After 24 hours lhomoserinie was the
largest sillgle repository of C14 ill the soluble Conilpo-
iieiits produce(l fromii each of the amino aci(ls. Of the
C' recovered (including C' '().,) 24 houirs after ilntro-
dlciilng(asl)artate-C' s 28 /' was l)resent ill hiomiloserinie
\vhile fromil gtlutamate-C'' tlle valtue was 22

Parallel exlperiments with labeledl aspartate an(l
lhomiioserinie stugest thiat tlle falling level of lhoiiio-
serine in ag1ing cotyledons is attributable to a (leclinling
rate of formiiationi frolmi its precuirsors.

Major portions of glucoseC'4 alid i,-leucine-C''
stuppliedlto cotyledons were coinverte(I to insoluble
products (starch and( l)rotein respectively) but againi
homiioserinie wvas a mlajor soluble lprodluct after 24
h(o irs.
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